Introduction
Choroidal endothelial cells (CEC) are of central importance to the maintenance of retinal function and to the progression of many retinal diseases (Guyer et al., 1994; Ryan et al., 1994) . Choroidal neovascularization (CNV) which involves CEC, is implicated in various blinding process, including the exudative form of age-related macular degeneration and choroidal tumour like melanoma (Spaks 1973; Folkman and Klagsbrun, 1987) . During angiogenesis, endothelial cells are stimulated to migrate, proliferate, and invade surrounding tissue to form capillaries, resulting in part from the action of soluble endothelial cell-directed growth factors. Angiogenesis is a complex equilibrium between pro-angiogenic factors which form a complex network of growth factors, cytokines, integrins and speci®c components of the extracellular matrix, and angiostatic factors.
Proliferation of vascular endothelial cells is one of the major steps in angiogenesis, and is triggered and regulated by the multiple pro and anti-angiogenic factors. However, little is known about the molecular mechanisms and the signalling underlying these process in vivo, although some molecular mechanisms involved in endothelial cell proliferation have been partially elucidated by in vitro studies on macrovascular cells and endothelial cell lines. There have however been no studies of the intracellular signalling which mediated CEC proliferation. This is partially due to the diculty of isolating and purifying suciently large numbers of CEC. Recently, a rapid and simpli®ed method for the isolation of bovine CEC using microdissection followed by the use of Lycopersicon esculentum-coated paramagnetic beads has been developed (Homann et al., 1998) .
Regulation of cell proliferation is mediated by a complex array of signalling pathways and by the integration of these dierent pathways, resulting in the generation of a net signalling input. One of these is the Ras GTP-binding pathway, which has a central role in transmitting cell proliferation signals, by activating the Ras/Raf/Mek (Mitogen/Extracellularsignal regulated kinase kinase)/Erk (Extracellularsignal regulated kinase) cascade (Daum et al., 1994) .
In this pathway, Ras promotes activation of the serine/ threonine protein kinases Raf1, Mek1 and Erk1/2 (Dhanasekavan et al., 1998) . In addition to controlling Raf kinases, Ras may also directly regulate a second signalling pathway transmitted by the phosphatidylinositol 3 (PI 3) kinase (Kerkho and Rapp, 1998) . PI 3 Kinase (PI 3-K) activates the protein serine/threonine kinase Akt, the activation of which is involved in protection from apoptosis (WennstroÈ m and Downward, 1999) . PI 3-K also indirectly regulates another signalling pathway, by controlling the activity of the protein serine/threonine kinase p70 S6 kinase (p70 S6K ), is involved in cell proliferation, malignant cell growth (Marthe and Downward, 1997) and prevention of apoptosis (Guillonneau et al., 1996) , depending on the cell type.
The generation of multiple signal-inputs through intentional cross-talk between dierent signalling molecules is a mechanism by which cells ensure that the required complement of signals is present prior to committing themselves to critical responses. We analysed the eects of ®broblast growth factor (FGF) 2 and vascular endothelial cell growth factor (VEGF), the two major angiogenic factors in the retina (D'Amore, 1994) , on chorocapillary endothelial cell (CEC) proliferation. We also investigated various aspects of FGF2 and VEGF-stimulated CEC intracellular signalling during cell proliferation using a pharmacological strategy to inhibit speci®c kinase pathways. Activation of these signalling pathways was studied in both FGF2-and VEGF-stimulated CEC. The question of whether one or several signal transduction pathways are involved in CEC proliferation and possible cross-talk between these pathways was examined to assess how CNV is speci®cally controlled.
Results

FGF2 but not VEGF is a strong mitogen for CEC
Bovine CEC cultures were established from choroid using the previously described method (Homann et al., 1998) . CEC from primary cultures, collected using LEA-coated Dynabeads and cultured in endothelial growth medium (EGM) containing serum, EGF and bovine brain extract) formed typical cobblestone monolayer colonies. Little is known about the eects of growth factors on the proliferation of retinal microvascular endothelial cells of the choriocapillaris. The eects on CEC proliferation of each component of the growth medium were tested (Figure 1) . CEC proliferated and the number of cells increased by threefold after a 4-day period of culture when cultured in EGM (Figure 1a ). CEC did not survive when cultured with endothelial basal medium (EBM) alone: They degenerated rapidly after 48 h in culture and the number of cells after 4 days of culture was 51% of that on day 1, and only 23% of that cultured in EGM (Figure 1a) . Addition of 5% of serum to EBM did not induce cell proliferation: CEC started dying after 3 days of culture and the number of CEC after 4 days was 62% of that on day 1 (Figure 1a ). Epidermal growth factor (EGF) at 10 ng/ml had no stimulating eect on the growth of CEC, but allowed cell survival, because the number of cells was constant over the 4-day period of culture ( Figure 1a ). As addition of a bovine brain extract has been reported to be necessary for CEC growth (Homann et al., 1998) , we investigated which components are required. We ®rst replaced BBE by a bovine retinal extract (BRE), because CEC are of ocular origin. Stimulation of CEC by 10 mg/ml of BRE induced a similar increase in 4 cells per well in 6-well plates and cultured in EGM for 3 days. Cells were then stimulated with 5% FCS, 10 ng/ml of EGF, 10 mg/ml of BBE in EBM, or in complete EGM. (b) Analysis of the mitogenic activity in bovine retinal extract (BRE). Bovine retinal extract was incubated with 100 ml of heparin-Sepharose (Pharmacia Biotech. Inc.) in PBS. After absorption at 48C, the non-retained fraction (NR) was discarded. The heparin-Sepharose was washed twice with PBS, 0.6 M NaCl pH 7.4 and then with PBS, 1 M NaCl pH 7.4. FGF2 was eluted in PBS, 2 M NaCl pH 7.4 (2 M NaCl fraction) and was analysed by SDS ± PAGE as previously described (data not shown, Guillonneau et al., 1998a) . The mitogenic eects of the various growth factors and of the dierent fractions of the heparin-Sepharose column were scored each day for 4 days of CEC culture, as described in Materials and methods. Values are the means of ®ve (a) and three (b) dierent experiments FGF2 and VEGF signalling during CEC proliferation A Zubilewicz et al cell proliferation as 10 mg/ml of BBE. We tested if ®broblast growth factor 2 (FGF2) was one of the mitogens in the BRE, because FGF2 has been reported to be the major mitogen in retina. We performed puri®ed FGF2 from BRE using a heparin-Sepharose column. The various fractions of BRE eluted from the heparin-Sepharose column were analysed and the nonretained fraction (NR) did not contain any signi®cant mitogenic activity for CEC (Figure 1b) . In contrast, the 2 M NaCl fraction, containing FGF2, induced a 2.1-fold increase in CEC proliferation over 4 days of culture in the absence of serum (Figure 1b) . Stimulation of serum-depleted CEC with puri®ed human recombinant FGF2 (25 ng/ml) induced a similar increase in CEC proliferation (Figure 1b) . The mitogenic eect of FGF2 was concentration dependent, with an EC50 of approximately 1 ng/ml (Figure 2a) . The maximal mitogenic eect of FGF2 on CEC proliferation was obtained at a concentration of 5 ng/ ml. Vascular endothelial growth factor (VEGF) is also produced by retina. Surprisingly, VEGF was a weaker mitogen than FGF2 for CEC ( Figure 2b ). VEGF at concentrations of 25 ± 75 ng/ml induced cell proliferation by only 1.3-fold. A combination of FGF2 plus 5% FCS induced a greater CEC proliferation (2.4-fold increase) than FGF2 without serum, whereas addition of 5% FCS to VEGF did not potentialize VEGF activity (data not shown). Thus, EGF is essential for CEC survival in culture, and FGF2 is a strong mitogen for CEC whereas VEGF is not.
ERK2 activation is stimulated and is required for FGF2-induced CEC proliferation
It was recently shown that extracellular-regulated kinases (ERKs) are key to the transduction of signals leading to proliferation of various macrovascular endothelial cell lines (Rikitake et al., 2000; and retinal cells (RPE and Muller cells) in vitro (Guillonneau et al., 1998a) . Little is known about activation of ERKs in proliferating microvascular endothelial cells and no study has described the signalling of growth factors involved in CEC proliferation. CEC were cultured in EBM plus FGF2 or VEGF at 25 ng/ml and the state of ERK2 phosphorylation was investigated by Western blotting, using an antibody that speci®cally recognizes active ERK1 and 2. Phosphorylation of ERK1/2 was very low in the basal state, the single addition of FGF2 induced a high levels of ERK1 and 2 activation within 10 min of stimulation ( Figure 3a) . Surprisingly, the levels of ERKs phosphorylation remained high and constant over the next 6 h and thereafter decreased, but was still detectable after 24 h. The production of ERK2 was constant over this period of culture, showing that the increase in the levels of ERK2 activation was not due to an increase in ERK2 production by CEC (Figure 3b ). In contrast, VEGF stimulation of CEC induced weak and transient activation of ERK1/2. The levels of ERK1/2 activation of EGM-stimulated CEC were highest during the ®rst 30 min of culture, and decreased thereafter to the level observed before stimulation of CEC (Figure 3a) . Again, the production of ERK2 was unchanged during this experiment, showing that the increase in the levels of ERK2 activation induced by EGM was not due to an increase in ERK2 production by CEC (Figure 3b ). Treatment of CEC with EBM alone did not activate ERK1/2 (Figure 3a) . We investigated the role of ERK1/2 in the proliferation of CEC. ERK1/2 are the only known substrates for MEK1/2. MEK1/2 inhibition by the pharmacological compound PD98059 (10 mM) abolished the activation of ERK1/2 over the 6-h period of culture ( Figure 4a ), but resulted in only a 52% reduction of CEC proliferation (Figure 4b ), suggesting that CEC proliferation was partially mediated by ERK1/2 activation. Treatment with up to 25 mM of PD98059 did not increase the inhibition of CEC proliferation (data not shown), con®rming that the only partial eect of ERK inhibition on CEC proliferation was not due to either a partial inhibition of ERK activation, or to a dose-limited eect of the inhibitor. The Ras pathway consists of a linear cascade of protein kinases, which result in ERK activation. Thus we treated FGF2-stimulated CEC with the inhibitor of Ras processing, FPT inhibitor III (Wang et al., 1998) . Surprisingly, CEC treatment with 10 mM FPT inhibitor III, resulted in a 92% reduction of cell proliferation as measured after 4 days ( Figure 4b ). Therefore, Ras plays a pivotal role in transmitting signals for CEC proliferation. The Ras pathway is a complex multi-step process involving MEK1 and ERK1/2 activation and ®ne tuning of the signal strength and duration are determinant for cell proliferation (Qiu and Green 1992 , Buchkovich and Zi 1994 , Guillonneau et al., 1998b . This led us to study MEK1 and ERK1/2 activation over a 5-day culture period. The states of MEK1 and ERK1/2 activation were investigated by assessing their phosphorylation levels by Western blotting, using antibodies that speci®cally recognize the active forms of MEK1 (Cowley et al., 1994) and ERK1/2 (Bryckaert et al., 1999) (Figure 5 ). Phosphorylation of MEK1 was undetectable in the basal state. Stimulation of CEC proliferation by a single dose of FGF2 induced a sustained activation of MEK1 over the 5-day period of culture ( Figure 5a ). In contrast, FGF2 caused a strong biphasic activation of ERK1/2. ERK1/2 phosphorylation was optimal after 48 h of culture and thereafter decreased, but was still detectable after 120 h (5 days) ( Figure 5b ). VEGF induced a very weak activation of MEK1 which decreased over the 5-day culture period (Figure 5a ). Similarly, ERK1/ 2 phosphorylation induced by VEGF was very low and was not detectable after 48 h of culture ( Figure 5b ). The production of MEK1 and ERK2 were constant throughout the cultures, showing that the changes in the observed levels of activation of these kinases were Figure 3 Eects of FGF2 and VEGF on ERK1/2 activation in CEC. CEC were cultured in EGM for 3 ± 4 days, then washed twice with EBM and cultured in EBM in the presence or in the absence of FGF2 or VEGF, both at 25 ng/ml for 24 h. Control experiments consisted of CEC stimulation with EBM and complete EGM. Cells were lysed at the indicated times and equal amounts of protein were reduced and subjected to SDS ± PAGE and Western blotting using an anti-active ERK1/2 antibody (a) and an anti-ERK1/2 antibody (b) as described in Materials and methods. Similar results were obtained in three independent experiments Figure 4 Eects of the inhibition of MEK1 activity on ERK1/2 phosphorylation and cell proliferation in FGF2-stimulated CEC cultures. CEC were cultured in EGM for 3 ± 4 days, then washed twice with EBM and cultured in EBM in the presence or in the absence of FGF2 at 25 ng/ml, with or without MEK1 inhibitor, PD98059 (a and b) and Ras processing inhibitor, FPTIII inhibitor (b). Phosphorylation of ERK1/2 and CEC proliferation were analysed at the indicated times over a period of 6 h and 4 days respectively as described in Materials and methods. Similar results were obtained in four (a) and three (b) independent experiments. Values are means+s.d. and dierences between means were analysed by the Mann and Whitney test. *P50.05, **P50.01 not due to changes in production (data not shown). It has been reported that ERK1/2 activate the p90 ribosomal S6 kinase (p90 RSK ) via phosphorylation (Dalby et al., 1998) , and induce the activity of transcription factors to mediate various biological eects (Dhanasekaven et al., 1998) . Thus, we investigated whether p90 RSK was activated during CEC proliferation. The state of phosphorylation of the p90 RSK was studied by Western blot, using an antibody that speci®cally recognize active p90 RSK . Phosphorylation of p90 RSK was undetectable in the basal state. Stimulation of CEC proliferation by FGF2 caused a strong P90 RSK activation within 2 h of stimulation ( Figure 5c ). Thereafter, phosphorylation of P90 RSK decreased but was still detectable after 120 h of culture. In contrast, VEGF, induced only a very weak P90 RSK activation which rapidly become undetectable ( Figure  5c ). In conclusion, the FGF2-stimulated CEC proliferation was mediated by the Ras/MEK/ERK1/2 pathway. Interestingly, FGF2-induced proliferation was completely abolished by the inhibitor of Ras processing, whereas FGF2-induced CEC proliferation was only half inhibited by the MEK1 inhibitor PD98059.
PI 3-kinase also mediates the signalling involved in FGF2-induced CEC proliferation
Inactivation of Ras and of MEK1 had dierent eects on CEC proliferation. Possibly, therefore, there is another signalling pathway also mediated by Ras which controls CEC proliferation, in addition to the MEK/ERK/p90 RSK pathway. In addition to controlling ERK1/2, Ras utilizes a multitude of functionally diverse eector targets which may transduce signals through dierent pathways. Ras may directly regulate PI 3-K. PI 3-K has been implicated in the control of cell proliferation and cell survival by activating the P70 S6K /Akt pathway (Stephens et al., 1993; Marthe and Downward, 1997) .
Thus, we analysed the activation of what is currently believed to be the major PI 3-K downstream signalling pathway, the P70 S6K /Akt cascade, by Western blot, using antibodies that speci®cally recognize active forms of the P70 S6K and Akt (Alessi et al., 1996; Weng et al., 1995) . Phosphorylation of the P70 S6K was undetectable in the basal state, but was substantial and lasted throughout the 24-h culture period after stimulation by EGM (Figure 6a) . Similarly, FGF2 induced activation of P70 S6K with similar kinetics as EGM. In contrast, VEGF induced a weaker and transient activation of P70 S6K (Figure 6a ). Akt, the kinase upstream from P70 S6K , was activated within 10 min of EGM stimulation, but thereafter its phosphorylation decreased over the next 6 h of culture, and was not detectable after 24 h of culture (Figure 6b ). Neither FGF2 nor VEGF induced Akt phosphorylation over the 24-h period of culture, suggesting that activation of Akt was not necessary for CEC proliferation. The production of P70 S6K and Akt were constant over the 24-h culture period when CEC were stimulated with EGM, FGF2 and VEGF demonstrating that the activation P70
S6K
and Akt was not due to stimulation of the production of the two proteins (Figure 6a,b) . To check if the activation of P70 S6K was involved in FGF2-induced Figure 5 Eects of FGF2 and VEGF on long-term phosphorylation of MEK1, ERK1/2 and P90 RSK in CEC. CEC were cultured in EGM for 3 days, washed twice with EBM and then stimulated with FGF2 and VEGF both at 25 ng/ml in EBM over a 5-day period of culture. Control experiments consisted of CEC stimulation with EBM and complete EGM. Phosphorylation of MEK1 (a), ERK1/2 (b) and P90 RSK (c) was analysed at the indicated times, as described in Figure 3 and in Materials and methods. Similar results were obtained in four independent experiments proliferation of CEC, we treated FGF2-stimulated cells with the highly selective inhibitor of the PI 3-K, LY294002. Ten mM LY294002 blocked 64% of the proliferation of CEC as measured after 4 days of culture, a similar level of growth reduction to that obtained with the inhibition of MEK1 activation (compare Figures 7a and 4b ). CEC treatment with up to 25 mM of LY294002 did not show higher reduction in FGF2-induced cell proliferation (Figure 7a ), con®rming that the partial eect of PI 3-K inhibition on CEC proliferation was not due to only partial inhibition of PI 3-K activation, nor due to a doselimited eect of the inhibitor. This suggests that the PI 3-K/P70 S6K cascade also mediates FGF2-induced CEC proliferation. To check the role of the P70 S6K in CEC proliferation, we treated FGF2-stimulated cells with 10 nM rapamycin, which binds to the FKBP12 complex thereby rapidly inactivating P70 S6K (Brown et al., 1994) . As expected, rapamycin was as potent (58% reduction of cell proliferation on day 4 of the culture period) as the PI 3-K inhibitor in blocking FGF2-induced CEC proliferation (Figure 7a) . A similar partial inhibition of CEC proliferation was obtained with up to 40 nM rapamycin (data not shown), suggesting that the partial eect of the P70 S6K inhibition on the FGF2-induced CEC proliferation was not due to a dose-limited eect of the inhibitor. This data suggests that the activation of the PI 3-K/P70 S6K cascade is only a part of the complete signalling which mediates FGF2-stimulated CEC proliferation, the MEK/ERK1/2 cascade being the other part. To con®rm that the two pathways (ERK1/2 and PI 3-K) are involved in the signalling which controls FGF2-induced CEC proliferation, we treated FGF2-stimulated CEC with apigenin, an inhibitor of both ERK1/2 and PI 3-K activation (Mounho and Thrall 1999, O'Gorman et al., 2000) . Twenty-®ve mM apigenin inhibited by 92% the CEC proliferation induced by FGF2 (Figure 7b ). To rule out the possibility that apigenin may mediate its inhibitory eects on CEC proliferation through an additional unknown pathway, cells were treated with a mix of the speci®c ERK and PI 3-K inhibitors PD98059 and LY294002, both at 10 mM. Speci®c blockade of ERK1/2 and PI 3-K caused a complete inhibition of FGF2-stimulated CEC proliferation (Figure 7b ), similar to that observed with apigenin and with the inhibitor of the Ras processing. As Ras is the central upstream activator of these two kinase cascades, it is unlikely that CEC proliferation may be mediated by a third pathway. This strengthens the idea of the exclusive role of ERK1/2 and PI 3-K signalling in CEC proliferation induced by FGF2.
These ®ndings indicated that FGF2-induced CEC proliferation is mediated via dual signalling pathway: the MEK/ERK/p90 RSK cascade and the PI 3-K/P70 S6K cascade, both controlled by Ras and each accounting for approximately half of the total signalling. Signalling cross-talk for macrovascular endothelial cell proliferation has recently been reported (Pedram et al., 1998; Tarake et al., 2000) . Thus, we investigated if Figure 6 Eects of FGF2 and VEGF on activation of P70 S6K and Akt in CEC. CEC were cultured in EGM for 3 ± 4 days, then washed twice with EBM and cultured in EBM in the presence or in the absence of FGF2 or VEGF, both at 25 ng/ml for 24 h period. Control experiments consisted of CEC stimulation with complete EGM. Cells were lysed at the indicated times, and equal amounts of protein were reduced and subjected to SDS ± PAGE. P70 and Akt phosphorylation was analysed by Western blotting using anti-active P70 (a) and anti-active-Akt (b) antibodies. Anti-P70 (a) and anti-Akt antibodies (b) were used to check the presence and the constant amount of P70 and Akt in CEC cultures. Similar results were obtained in three independent experiments FGF2 and VEGF signalling during CEC proliferation A Zubilewicz et al there was cross-activation between these cascades for FGF2-induced CEC proliferation. We tested the eects of the MEK1 inhibitor, PD98059, and of the PI 3-K inhibitor, LY294002, on P90 RSK and P70 S6K activation. As expected, 10 mM PD98059 reduced greatly and rapidly P90 RSK phosphorylation, whereas 10 mM LY294002 did not aect ERK1/2 activation in FGF2-stimulated CEC (Figure 8a) . Similarly, PD98059 reduced FGF2-stimulated P90 RSK activation, whereas LY294002 did not (Figure 8b) . Conversely, treatment of FGF2-stimulated CEC by the PI 3-K inhibitor suppressed P70 S6K activation, whereas the MEK1 inhibitor did not aect the activation of this kinase (Figure 8c ).
In conclusion, our study demonstrates that the proliferation of the microvascular endothelial cells of the choroid induced by FGF2 is mediated by two dierent signalling pathways, one involving the MEK/ ERK/P90 RSK cascade, the other involving the PI 3-K/ P70 S6K cascade. The two branches of these pathways although controlled by Ras processing, remain adjacent and do not cross-talk. A proposed scheme for the ERK1/2 and the PI 3-K signalling pathways during FGF2-induced CEC proliferation is presented in Figure 9 .
Discussion
FGF2 but not VEGF is a potent mitogen for CEC
Our data showed that in contrast to FGF2, VEGF was a poor mitogen for CEC. Primary cultures of CEC were cultured in EGM containing bovine brain extract as previously published by Homann et al. (1998) . Both bovine brain extract and retina extract contains FGF2 and VEGF. Although the choroid may be composed of a mixed cell population that contains both FGF2 and VEGF responsive cells, it is unlikely Figure 7 Eects of the inhibition PI 3-K, P70 and of both MEK1 and PI 3-K activities on cell proliferation in FGF2-stimulated CEC cultures. Cell proliferation of unstimulated CEC and FGF2-stimulated CEC treated with 10 mM and 25 mM of the PI 3-K inhibitor, LY294002, and 10 nM of the P70 S6K inhibitor, rapamycin (a), or treated with 25 mM of apigenin, and 10 mM of the MEK1 inhibitor, PD98059 plus the PI 3-K inhibitor, LY294002 was studied by 4-day cultures as described in Materials and methods. Similar results were obtained in three independent experiments. Values are means+s.d. and dierences between means were analysed by the Mann and Whitney test. *P50.05, **P50.01 Figure 8 Eects of the inhibition of ERK1/2 and PI 3-K activities on phosphorylation of ERK1/2, P90 RSK and P70 S6K in FGF2-stimulated CEC cultures. (a ± d) FGF2-stimulated cells were cultured in the presence of 10 mM of MEK1 inhibitor, PD98059 and of 10 mM of PI 3-K inhibitor, LY294002 for 6 h. Phosphorylation of ERK1/2, P90 RSK and P70 S6K was analysed by Western blotting, using anti-active ERK1/2 (a), P90 RSK (b) and P70 S6K (c) antibodies as described in Materials and methods. Similar results were obtained in three independent experiments that we selected preferentially FGF2 responsive CEC. In order to rule out this hypothesis, it would be of value to analyse the eects of FGF2 and VEGF on primary CEC cultures. It was recently reported that VEGF induced proliferation of macrovascular endothelial cells including human umbilical vein endothelial cells (HUVEC) and bovine aortic endothelial cells in vitro (Pedram et al., 1998; Yu and Sato 1999; , whereas it was uneective on bovine retinal capillary endothelial (BREC) cells in culture condition of low serum concentration (Hata et al., 1999) . Overexpression of a negative dominant for FGFR1 in the choroid of mice induces a decrease in the normal neovascularization of the choroid during development (A Bikfalvi, personal communication). This con®rms the importance of FGF2 on choroidal vascular endothelial cells in vitro. In addition, induction of VEGF in endothelial cells at neovascular lesions during experimental choroidal neovascularization did not prove that VEGF was directly involved in the proliferation of choroidal vascular cells (Wada et al., 1999; Shen et al., 1998) . Upregulation of VEGF might be a consequence of neovascularization induced by other growth factors such as FGF2 which was also induced during this process (Frank et al., 1996) . FGF1 and 2 are causally related to the development of choroidal neovascularization (Amin et al., 1994) and FGF2 has been reported to induce VEGF in endothelial cells of forming capillaries (Seghezzy et al., 1998) . This reinforces the idea that FGF2 is the ®rst inducer of endothelial cell proliferation, the production of VEGF being a step in the activation of vascular endothelial cell proliferation. It would be of value to test this possibility by investigating whether FGF2-induced CEC proliferation involves the autocrine action of VEGF. The induction of the expression of the VEGF receptor KDR by FGF2 in retinal capillary endothelial cells, con®rms that VEGF signalling is regulated by FGF2 (Hata et al., 1999) . VEGF may play a central role in choroidal angiogenesis by mediating functions other than proliferation. Recently, it had been shown that VEGF is a survival factor for vascular endothelial cells in vitro (Gerber et al., 1998) and in newly formed retinal vessels in models of retinopathy of prematurity (Alon et al., 1995) . It also controls cell permeability of retinal microvascular endothelial cells in vitro (Marumo et al., 1999) and in diabetic retinopathy and tumours (Antonetti et al., 1999) . In addition, it has been reported that VEGF induced monocyte chemottractant protein-1 (Marumo et al., 1999) and integrin subtypes alpha 2 beta 1 in retinal endothelial cells (Enaida et al., 1998) . It would be of value to analyse the role of VEGF in these dierent processes in CEC.
ERK1/2 and PI 3-K are the signalling pathways mediating the FGF2-induced CEC proliferation
Ras is a pivotal component of the signalling which mediates the proliferation of the microvascular endothelial cells of the choroid. One of the primary roles of Ras is to activate the linear Raf/MEK/ERK signalling cascade mediating cell proliferation, dierentiation, migration and survival (Campbell et al., 1998) . This cascade of signalling leading to ERK1/2 phosphorylation was activated during, and required for, CEC proliferation. In previous studies, we found that the proliferation of retinal pigmented epithelial (RPE) cells induced by FGF2 was mediated by a rapid and transient ERK1/2 activation. This contrasts with the biphasic and sustained ERK1/2 activation, detectable throughout the 5-day culture period in FGF2-stimulated CEC. Presumably, the kinetics of ERK1/2 activation dier between cell types for cell proliferation. A wide variety of extracellular stimuli induce activation of ERK1/2 to transduce proliferation, dierentiation, migration and survival activity. The ®ne regulation of the ERK1/2 signals duration is crucial for cell fate determination. This was con®rmed by recent data showing that over long and sustained activation of ERK1/2 was observed during survival of RPE (Bryckaert et al., 1999) . This was con®rmed in PC12 lines, where transient ERK1/2 signal induced cell proliferation, whereas a sustained activation caused these cells to dierentiate and stop growing (Qiu and Green, 1992; Buchkovich et al., 1994) . Thus, it would be of value to analyse whether the duration of ERK1/2 activation might also determine CEC fate, by studying the kinetics of ERK1/2 phosphorylation during the FGF2-induced CEC migration and cell survival. In addition, it would be interesting to test whether other signalling pathways are activated during bovine retinal endothelial cell (BREC) proliferation as during CEC Figure 9 Model of the activation of MAP kinase/ERK and PI 3-K signalling pathways involved in cell proliferation of FGF2-stimulated CEC. Upon Ras activation, two signalling pathways are activated: the ®rst is the linear MEK1/ERK1/2/P90 RSK pathway which accounts for approximately half of the signalling; and the second is the PI 3-K/ P70 S6K pathway also accounting for half of the signalling. Both signalling pathways are required for maximal mitogenic activity of FGF2 on CEC FGF2 and VEGF signalling during CEC proliferation A Zubilewicz et al proliferation. Very recently, it was reported that ERK1/2 was activated in in vitro and in vivo models of retinal vascular endothelial cell proliferation and that inhibition of ERK1/2 by PD98059 partially inhibited in vitro cell proliferation and in vivo neovascularization (Bullard, 2000) . It would be very informative to elucidate the other signalling pathways involved in cell proliferation in these models. Ras may also directly interact with and stimulate the activity of PI 3-K which in turn activates Akt. The Ras/PI 3-K/Akt pathway has been connected with protection against apoptosis and migration (Imai and Clemmins, 1999) , whereas the Ras/Raf/MEK/ERK pathway has been mainly linked to cell proliferation. However, PI 3-K also indirectly controls the activity of the serine/ threonine kinase p70 S6K (Stephens et al., 1993) which is essential for G1 progression (Lane et al., 1993) . We demonstrated that ERK1/2 signalling is only one part of the overall signal which mediates CEC proliferation induced by FGF2. PI 3-K signalling accounts for half of the total signalling involved in FGF2-induced CEC proliferation. PI 3-K activated p70 S6K in CEC during cell proliferation and its pharmacological inactivation reduced by half cell proliferation, suggesting that the signalling of PI 3-K was mediated by p70 S6K . This is consistent with recent data showing that p70 S6K -mediated protein synthesis required for human umbilical vein endothelial cell (HUVEC) proliferation induced by serum (Vinals et al., 1999) . Unfortunately, the authors did not analyse the possibility of other signalling pathways or signal cross-activation in this macrovascular endothelial cell line. In contrast, another study reported that ERK1/2, PI 3-K and p70 S6K were activated during the proliferation of VEGF-stimulated HUVEC (Yu and Sato, 1999) , whereas showed that VEGF activated PI 3-K, PLC gamma and PKC epsilon independently of one another, the two latter being in the pathway through which VEGF activated ERK for cell proliferation. Thus, the various published data on cell proliferation are dicult to reconcile and the roles of the various signalling pathways implicated in vascular endothelial cell proliferation remain unclear even for a particular endothelial cell type.
We show that Akt was not necessary for CEC proliferation because although both EGM and FGF2 stimulated CEC proliferation, EGM activated Akt, whereas FGF2 did not. Akt might be activated by EGF present in EGM, because EGF was a survival factor for CEC. The anti-apoptotic activity of Akt is con®rmed by a study showing that VEGF induces the survival of HUVEC through the PI 3-K/Akt signal transduction pathway (Gerber et al., 1998) . A diverse group of ser/thr kinases are regulated downstream of PI 3-K, including PKC isoforms, p70 S6K and Akt. Akt is not the only upstream kinase activator of p70
S6K
. PKC zeta has also been shown to activate p70 S6K . Requirement for PKC activation in FGF2-induced endothelial cell proliferation has previously been demonstrated (Kent et al., 1995) . But, the authors did not discriminate which PKC isoenzymes were implicated in FGF2-induced cell proliferation. These data are con®rmed by Tsuda et al. (1998) which also showed that activation of p70 S6K may proceed through a PI 3-K and Akt-independent but PKC-dependent pathway. In contrast, Kanda et al. (1997) showed that FGFR1 mediates endothelial cell proliferation and p70 S6K activation by a PI 3-K-independent mechanism that does not require PKC activation. Thus, it would be of interest to analyse the role of PKC in the signalling of FGF2-induced CEC proliferation.
PI 3-K does not cross-talk with ERK1/2 during FGF2-induced CEC proliferation
Although the Ras/Raf/ERK pathway is essentially linear, a novel ERK to JNK cross-activation was recently suggested for VEGF-induced aortic endothelial cell proliferation (Pedram et al., 1998) , however, parallel ERK1/2 and p38 MAP kinase signalling has been implicated in a FGF2-stimulated murine macrovascular endothelial cell line (Tarake et al., 2000) . Cross-activation seems to be a novel and perhaps cell context-speci®c phenomenon. Our study is the ®rst to implicate both the ERK and the PI 3-K pathways in the proliferation of CEC. In addition, we demonstrate the absence of a cross talk between these two adjacent pathways. The relevance of PI 3-K for activation of ERKs has been controversial. Several studies on nonvascular endothelial cells have found that pharmacological inhibition of PI 3-K eectively inhibited activation of the MAPK/ERK cascade (Chuang et al., 1994; Hu et al., 1995) . Other studies report that inhibition of PI 3-K had no eect on the activation of ERKs (Scheid and Poronoi, 1996; Ferby et al., 1996) . This suggests that the sensitivity of ERK activation to control by PI 3-K is dependent on cell type and cell line. Vascular endothelial cells from dierent sites shows antigenic and phenotypic heterogeneity. HU-VEC do not have tight junctions, while retinal endothelial cells do, and choroidal endothelial cells are joined by gap junctions and are highly fenestrated. Thus, the dierences in signalling mediating the proliferation of the vascular endothelial cells may depend on the speci®city of these cells, for example macrovascular versus microvascular, and may be a function of the organ of origin. In addition, the dierences in signalling mediating the proliferation of cells may also vary within a single cell line, depending on the kind and concentration of the stimulus used to induce cell proliferation. Brian et al. (1997) demonstrated that stimulation of PI 3-K in NIH3T3 cells provided an ecient pathway for Raf/ERK activation at low PDGF levels, whereas stimulation of these cells at higher PDGF levels provided a redundant signal via activation of a direct activation of Raf/ERK pathway by PKC. More recently, a similar control of ERK signalling by both the direct upstream linear pathway and by an adjacent PI 3-K pathway was demonstrated to be EGF-concentration dependent in COS-7 cells (WennstroÈ m and Downward, 1999) . The absence of the cross talk and synergism between two adjacent path-ways may be of great physiological signi®cance at the cellular level. It is possible that these dierent signalling pathways regulate diverse responses and transcription factors. This may be a mechanism by which cells ensure that the all required signals are present before critical responses are induced. The identi®cation of the complete kinase signalling network, their subtrates, and the potential regulatory feedback loops may provide more selective methods and strategies for the treatment of angiogenic diseases and cancers.
Materials and methods
CEC culture and treatment of cells
CEC were isolated and puri®ed after microdissection of bovine choroid and by the use of Lycopersicon esculentum (LEA)-coated paramagnetic beads as previously described (Homann et al., 1998) . Cells were con®rmed to be endothelial cells by their positive immunostaining for von Willebrand factor and for CD31. CEC were cultured in endothelial growth medium (EGM) containing endothelium basal medium (EBM, based on MCDB-131 medium, Bio Whittaker, Emerainville, France), 5% foetal calf serum (FCS) and bovine brain extract (BBE at 10 mg/ml), epidermal growth factor (EGF at 10 ng/ml) and hydrocortisone (1 mg/ ml) in ®bronectin coated plates. Cells were used from the ®rst to the third passage. Molecular aspects of human recombinant FGF2 (18 kDa form) (kindly provided by Farmitalia, Carlo Erba, Italy) and human recombinant VEGF (165 A. A. form) (a generous gift from Dr J Plouet, and R&D system, UK) signalling were studied in serum-depleted CEC cultures. All experiments were run in triplicate and were performed at least three times. The proliferation of CEC was assessed daily by counting the number of cells and by determining [ 3 H]thymidine (Amersham, Orsay, France, SA:0.92 TBq/ mmole) incorporation as previously described (Guillonneau et al., 1996) . The number of dead cells was determined by two methods: (1) counting the cells remaining in the culture dish after staining with trypan blue and (2) using MTT (3 (4,5-dimethylthiazol-, yl) 2,5 diphenyltetrazolium bromide) (Guillonneau et al., 1998b) .
In some experiments, the speci®c inhibitors of Ras processing (FPT inhibitor III), and of MEK1 (PD98059), PI 3-k (LY294200) and p70 S6K (rapamycin) phosphorylation, and of both ERK/12 and PI 3-K phoshorylation (apigenin) (Calbiochem, Meudon, France), were added 12 h before induction of cell proliferation and on the ®rst day of the cell proliferation assay. Stock solution of each inhibitor were made in DMSO diluted in EBM so that the ®nal concentration of DMSO in test solutions would not exceed 0.1% (a concentration which has no eect on EGMstimulated CEC proliferation).
Western blot analysis
CEC were washed twice in PBS, lysed in ice-cold lysis buer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 50 mM NaF, 5 mM EDTA, 40 mM b-glycerophosphate, 0.2 mM sodium orthovanadate, 1 mg/ml leupeptin, 1 mM pepstatin) and centrifuged at 48C for 10 min at 10 000 g. Monoclonal antibody directed against b-actin was used as an internal standard for checking protein loading. Cell lysates were mixed with 36Laemmli buer and heated for 5 min at 958C. The cell lysates were resolved by SDS ± PAGE (12 ± 15% polyacrylamide gel), transferred onto nitrocellulose ®lters by electroblotting and probed with polyclonal antibodies directed against Mek1, ERK2, P90 RSK , P70 S6K and Akt (dilution 1 : 100, Santa Cruz, USA) to determine the amount of these kinases over the proliferation period. A polyclonal antibody directed against phospho-ERK1/2 (thr 202 ) (dilution 1 : 5000, New England Biolabs/Cell Signalling Technology, MA, USA) were used to analyse the activation of intracellular signalling during CEC proliferation. The primary antibodies were detected with a horseradish peroxidase-conjugated goat anti-rabbit secondary antibody. ECL substrate was used to reveal bands, according to the manufacturer's instructions, and the membrane was placed against Hyper®lm TM ECL (Amersham, Orsay, France). The bands on the¯uograph were quanti®ed using an LKB Ultrascan XL laser densitometer (Pharmacia, Saclay, France).
Statistics
Each ®gure shows the results of experiments repeated at least three times. Data are expressed as the average+standard error of the mean. The two-tailed Student's t-test (normal distributions with equal variances) and the Wilcoxon or Mann and Whitney tests (non-parametric tests) were used for statistical analyses.
Note added in proof While this paper was being written, another study addressing the utilization of distinct signalling pathways by VEGF-R in the induction of endothelial cell proliferation was published (Wu et al., 2000, J. Biol. Chem., 275, 5096 ± 5103) .
